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Available online xxxxIn order to better understand the role of β-carotene and imidazole on the Photodynamic Therapy (PDT) mecha-
nism, synchrotron infraredmicroscopywas used to detect the associated intracellular biochemical modifications
following the visible light irradiation of HeLa cells incubated with these compounds as typical hydrophobic and
hydrophilic singlet oxygen quenchers, respectively. For this purpose, PDT was performed employing the hydro-
philic sensitizer 5,10,15,20-Tetrakis (1-methyl-4-pyridinio) porphyrin tetra (p-toluenesulfonate), TMPyP, and
the hydrophobic sensitizer 5-(4-Methoxycarboxyphenyl)-10,15,20-triphenyl-21H,23H–porphyrin. The single
cell IR spectra of PDT-treated, PDT plus quencher-treated and control HeLa cells were recorded at the SOLEIL Syn-
chrotron Infrared SMIS beamline targeting specifically the cell nucleus. Principal Component Analysis (PCA) was
used to assess the IR spectral changes. PCA revealed that there is a frequency shift of the protein Amide I vibra-
tional band for the assays with the TMPyP sensitizer, indicating changes in the protein secondary structures of
the PDT-treated cancer cells compared to the controls. In addition, the scores in those cells treated with both
quenchers appear to be similar to the controls indicating a photoprotective effect. Comparative experiments car-
ried out with SKMEL-28 and HaCat cells showed non- significant photoprotective effects of β-carotene and
imidazole.







Singlet oxygen, O2(a1Δg), is the lowest excited state ofmolecular ox-
ygen [1–3]. Production of sufficient quantities of singlet oxygen in a bi-
ological environment can perturb cellular processes and ultimately
cause cell death via apoptosis or necrosis [4,5]. The cytotoxic effect of
singlet oxygen is currently used in clinical practice in a treatment mo-
dality called photodynamic therapy (PDT), whereby the controlled pro-
duction of singlet oxygen leads to the eradication of undesired tissue [6].
It was recently demonstrated using hydrophilic and hydrophobic
sensitizers and HeLa cells, a cell type derived from human cervical can-
cer, that intracellular β-carotene does not quench O2(a1Δg) as revealed
by time-resolved O2(a1Δg) phosphorescence experiments [7]. On the
other hand, in the same paper the photoprotective effect of β-carotene
was manifested in experiments also performed with the same sensi-
tizers and cell lines. The photoprotective effect of the carotenoid was
shown by different types of experiments, such as bright field micro-
scope images for morphology changes (e.g., membrane located vacuole
formation and chromatin condensation), the 3-(4,5-dimethylthiazol-2-o), fgeins@inifta.unlp.edu.aryl)-2,5-diphenyltetrazolium bromide (MTT) assay for enzymatic activ-
ity, the Trypan Blue assay for membrane permeability, among others
[7]. From these results it was inferred that the principal mechanism of
β-carotene photoprotection involves trapping of radicals that are also
produced as a consequence of sensitizer irradiation with visible light
and the subsequent reactions of O2(a1Δg).
Imidazole is a well-known O2(a1Δg) quencher [30], which was
shown to inhibit theUV-A induced pattern ofmitogen-activated protein
kinase in human skin fibroblasts (MAPK) activation, a processmediated
by O2(a1Δg), [8]. Imidazole derivatives also were demonstrated to in-
hibit MPAK in B16-F0 and HeLa cells [9].
On the basis of this background we were motivated to investigate
whether: 1) even though β-carotene is unable to quench O2(a1Δg) in
mammalian cells, its radical trapping effect has any consequence on
the nuclear protein changes associated with early stages of apoptosis,
2) imidazole presents a photoprotective effect on cells exposed to PDT.
To this end, we employed here the Fourier transform infrared (FTIR)
microspectroscopy, a vibrational spectroscopy technique, which is used
as a diagnostic tool useful for probingmolecular changes within cells or
tissues submitted to different treatments. This technique was previ-
ously used to follow the intracellular changes of biological composition
of cells such as proteins and DNA [10]. In particular, Srichan et al.
employed synchrotron light to study the PDT on HeLa cells with the
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were employed. One of them was the hydrophilic cationic porphyrin
sensitizer 5,10,15,20-Tetrakis(1-methyl-4-pyridinio) porphyrin tetra
(p-toluenesulfonate), TMPyP, which tends to accumulate in the cell nu-
cleus, contrarily towhat was observedwith hypericine or hypocrelinne,
but an appreciable amount can still be found in the cytoplasm [9,11].
The second photosensitizer employed here was 5-(4-
Methoxycarboxyphenyl)-10,15,20-triphenyl-21H,23H–porphyrin,
(TPPCOOMe). Because of its hydrophobic nature, this lattermolecule lo-
calizes in a different domain of a living cell than does TMPyP.
Themain goal of the present work is to probemolecular changes ob-
served inside HeLa cells (i.e., proteins global changes) using the internal
source of the continuum XL infrared microscope as a result of the local-
ization of the sensitizers (TMPyP or TPPCOOMe) and β-carotene or im-
idazole as typical hydrophobic and hydrophilic potential
photoprotective agents, respectively. For this purpose, experiments
were performed with and without visible light irradiation at two differ-
ent quenchers concentration. In particular, datawere analyzed in the re-
gion of the Amide I band (1600–1700 cm−1). Amide I and Amide II
(1500–1560 cm−1) bands arise primarily from the C_O and C\\N
stretching vibrations of the peptide backbone, respectively. FTIR has
been shown to be particularly sensitive to protein secondary structure
based on the vibrational frequency of the Amide I (C_O) band, which
is affected by different hydrogen bonding environments for α-helix,
β-sheet, and unordered structures. For most proteins, a mixture of sec-
ondary structures exists, and in this case, the Amide I band represents a
combination of these components [11,12,10]. For comparison similar
experiments were carried out with SKMEL-28 (human melanoma
cells) and HaCat (human normal skin keratinocytes cells). HeLa and
HaCat cell types are of epithelial origin and are considered to be an ex-
cellent comparative model between tumoral vs. non-tumoral studies in
vitro [13]. SKMEL-28 cells derive from ametastatic melanoma, which is
themost hardly treated skin cancer. Melanoma cells are resistant to tra-
ditional chemotherapy and radiation therapy, and thus photodynamic
therapy can provide a promising treatment [14].
2. Materials and Methods
2.1. Chemicals
All trans-β-carotene (N97%, Sigma−Aldrich), TMPyP, (Sigma−Al-
drich), 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide,
MTT, (Sigma−Aldrich), and Imidazole (Sigma−Aldrich) were used as
received. TTPCOOMe, was synthesized according to a published proce-
dure [7].
2.2. PDT Experiments
Photodynamic therapy has been induced in cancer HeLa, SKMEL-28,
and HaCat cell lines. The IR study aimed at identifying the change in-
duced by various treatments, with or without visible light irradiation.
According to previously published work from Dr. Dumas group [12],
we concentrated on the biochemical changes that might have been in-
duced in the nucleus of the cells.
2.3. Cell Culture
HeLa cells from the American Type Culture Collection (ATCC CCL-2)
were cultured on low-e microscope slides in D-MEM containing 10%
fetal bovine serum. SKMEL-28 cells from theAmerican Type Culture Col-
lection (ATCC HTB-72) were cultured on low-e microscope slides in
MEM containing 10% fetal bovine serum. HaCaT cells, provided by
IMBICE (Multidisciplinary Institute of Cellular Biology, Argentina),
were cultured on low-e microscope slides in RPMI 1640 M (Micro-Vet
SRL, C.A.B.A, Argentina). Then, the cells were incubated with 10 μM
TMPyP or TPPMeCOO 24 h with or without the quenchers. Afterincubation cells were irradiated for 1 h with a 5 W fluorescent lamp
(see spectral irradiance in the Supplementary Material, Fig. SM1) with
a photon rate of 2.179 × 10−7 eins/Ls, as determined by ferrioxalate ac-
tinometry for λ ≤ 500 nm [15]. From Fig. SM1 the photon rate in the
whole wavelength emission range was calculated to be 2,179 × 10−8
eins/Ls. Then, cells were immediately fixed with 10% formalin in phos-
phate buffer saline (PBS) for 20 min at room temperature for conserving
the cells [16]. The cells were washed first with PBS and then with water
and dried.
2.4. MTT Assay
Cytotocixity in mammalian cells was estimated using metabolic
competence by the colorimetric method of Mosma [17–19] as modified
by Twentyman and Luscombe [20]. This assaymeasures the reduction of
tetrazolium salt (3-(4,5-dethylthiazol-2-yl) 2,5 diphenyl tetrazolium
bromide) to formazan by dehydrogenase enzymes of intact mitochon-
dria in living cells.
For this analysis 1.5 × 103 cells/well were cultured in 96 multi-well
plate and grown at 37 °C in 5% CO2 humid atmosphere in complete cul-
ture medium for 24 h. This medium was then replaced with different
extracts containing TMPyP or TPPCOOMe both in the presence and ab-
sence of β-carotene or imidazole. The samples were irradiatedwith vis-
ible light and then washed with PBS and fresh medium containing MTT
reagent (1mg/mL final concentration) (Sigma, St. Louis, MO, USA) was
added. After 3 h incubation, cells were washed again with PBS. Color
was developed by the addition of 100 μL dimethylsulfoxide (DMSO)
(Merck, Química Argentina SAIC, Argentina) to each well for cells lysis
and formazan crystals dissolution. The plates were shaken for 10 min
and the absorbance was measured at 540 nm using an automatic
ELISA Plate Solver reader (7530Microplate Reader Cambridge Technol-
ogy, Inc., St. Watertown, MA, USA). Ethanol (5%) was used as positive
control. Each experiment was independently repeated three times.
Phototoxicity control experiments with HeLa, SKMEL-28, and HaCat
cells were carried out with cells incubated in the presence of different
amounts of β-carotene or imidazole solutions without the sensitizers.
Results are shown in the Supplementary Material (Fig. SM2). No photo-
toxicity of the quenchers was observed in the concentration range
employed in the PDT experiments.
2.5. FTIR Microspectroscopy
The synchrotron based Fourier transform infrared (SR-FTIR)
microspectroscopy was used to particularly observe the changes of the
chemical structure of the biological molecules in the nucleus of mam-
malian cells. The IR spectra of the untreated cells and sensitizers/
quenchers treated cells were measured and compared. The IR spectral
changes between the untreated cells and sensitizers/quenchers treated
cells were analyzed by multivariate statistical analysis.
The experiments were performed at the infrared SMIS beamline,
SOLEIL Synchrotron, L'Orme des Merisiers, Gif sur Yvette, France. The
IR spectra collected in reflection mode from individual cells grown di-
rectly on low-e slides were recorded using a Continuum XL microscope
coupled to a ThermoNicolet 5700 spectrometer (8 cm−1 spectral reso-
lution, 256 scans per spectrum, aperture dimension 8 × 8 μm2, magnifi-
cation 32× NA 0.65 Schwarzschild objective, in reflection and confocale
modes). The reference spectrum was recorded with the same parame-
ters and conditions, but outside the cells.
2.6. Data Analysis
Cell spectra recorded one by one, with 50 to 100 individual cells per
sample were analyzed. Principal Component Analysis (PCA) was used
for outliers detection within samples and also for comparison between
samples (see below). Several preprocessing techniques were tested in-


















Fig. 1. Raw IR spectra obtained with control HeLa cells.
55G.N. Bosio et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 195 (2018) 53–61Scattering baseline correction [22], numerical evaluation of first/second
order derivative spectra by the Savitzky–Golay method [21,23], multi-
plicative scattering correction [23], Standard Normal Variate (SNV)
[21,23], Euclidean normalization [23] and min-max normalization
[21]. It is worth mentioning that the conclusions obtained by PCA
were independent of the preprocessing technique used. Corrections
due to standing wave effect [24] were not performed because we fo-
cused on band shifts that should not be affected by these effects.
2.7. Samples Analyzed during the Allocated Beamtime
Table 1 shows the various samples studied by IR micro-
spectroscopy.
3. Results and Discussion
3.1. Spectra Analysis
Fig. 1 shows the 256 scans accumulated IR spectra of individual con-
trol HeLa cells without any mathematical treatment i.e., sample S01. As
can be seen in Fig. 1, there is a huge dispersion between the spectra from
the same sample. In part, this could be due to Mie scattering. The Mie
scattering is frequently present in round-shaped samples comparable
in size to the irradiation wavelengths used in infrared
microspectroscopy. Cell nuclei typically scatter light in the 5–10 μm
wavelength range, affecting the Amide I band. Mie scattering can be de-
tected in IR spectra by a sinusoidal shape of the baseline, a splitting of
the C_O band at 1740 cm−1, and a shift of the Amide I band from
1652 to 1656 cm−1 to 1640–1650 cm−1 [25], as can be seen in Fig. 1
for HeLa cells and/or in Fig. SM3 for SKMEL-28 and HaCat (see Supple-
mentary Material). Thus, in order to minimize scattering effects on the
spectra, a Savitzky–Golay baseline correction was applied to each sam-
ple. Three user-defined baseline regions were selected (i.e., 4000–3595,
2775–1750 and 950–800 cm−1) in order to calculate a smooth baseline
for each sample through the entirewave number range (4000–800 cm−
1). The baselineswere calculated bymeans of a secondorder polynomial
expansion around each point using a high number of baseline points
(20% of the entire spectrum). For example, Fig. 2 shows the baseline-
corrected spectra obtained for the control HeLa cells.
After baseline correction, only the 1710 to 1480 cm-1 frequency re-
gionwas considered in order to analyze in detail the Amide I absorption
band. In addition, with the aim of detecting differences in the shapes of
the amide bands rather than in their intensities, both offset correction
and max normalization were applied.Table 1
Samples studied by IR micro-spectroscopy.
Sample Description
1 Control (untreated cells).
2 10 μM TMPyP without irradiation.
3 10 μM TPPCOOMe without irradiation.
7 PDT therapy (1 h irradiation) with 10 μM TMPyP plus 30 μM imidazole.
8 PDT therapy (1 h irradiation) with 10 μM TMPyP plus 50 μM imidazole.
10 PDT therapy (1 h irradiation) with 10 μM TPPCOOMe plus 30 μM
imidazole.
11 PDT therapy (1 h irradiation) with 10 μM TPPCOOMe plus 50 μM
imidazole.
12 PDT therapy (1 h irradiation) with 10 μM TMPyP plus 5 μM β-carotene.
13 PDT therapy (1 h irradiation) with 10 μM TMPyP plus 10 μM β-carotene.
15 PDT therapy (1 h irradiation) with 10 μM TPPCOOMe plus 5 μM
β-carotene.
16 PDT therapy (1 h irradiation) with 10 μM TPPCOOMe plus 10 μM
β-carotene.
17 PDT therapy (1 h irradiation) with 10 μM TPPCOOMe plus 15 μM
β-carotene.
18 PDT therapy (1 h irradiation) with 10 μM TMPyP.
19 PDT therapy (1 h irradiation) with 10 μM TPPCOOMe.Finally, PCA analysis was performed on the sets of pre-treated spec-
tra associated to each sample for identifying atypical spectra (outliers)
within a given sample. For all samples, the two major principal compo-
nents accounted for N92.5% of the variance. Therefore, covariance error
ellipses with 99% confidence limits were drawn in the PC1-PC2 plane in
order to detect and remove those spectra that strongly deviated from
the distribution associated to each sample. After outliers removal,
PCA/covariance ellipses were recalculated and the procedure was re-
peated until all remaining spectra were within the 99% confidence
limits. See an example of the procedure in Fig. SM4 (Supplementary
Material).
It is important to notice that many FTIR spectra were classified as
outliers based on the data pre-treatment applied. This mathematical
procedure enabled us to rule out spectra arising from cells in an ad-
vanced degree of apoptosis and or necrosis, which very much affect
the shape of the cells resulting in a significant Mie scattering able to
mask any change in the Amide I band.3.2. PDT Treatment on HeLa Cells
We first analyzed the Amide I and Amide II bands (1480–1720 cm−
1) of the spectra. PCA scores and sample mean spectra in the region of
for PDT-treated Hela cells, incubatedwith the sensitizer TMPyP (sample
number 18) or TPPCOOMe (sample number 19) are displayed in Fig. 3.
Results obtained with the Min/Max, Euclidean, and SNV methods
(Fig. 3), as well as with second derivatives and Euclidean normalization
(Fig. SM5) show that the overall behavior of the scores in the PC1 and
PC2 planes is rather independent of the preprocessing procedure. As
can be seen in Fig. SM6, a comparative PCA of spectra of samples S01
and S18 obtained in transmission (reference method for FTIR) with


















Fig. 2. IR spectra obtained for control HeLa cells after baseline correction.
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Fig. 3. A1, A2, A3: PCA scores for PDT-treated Hela cells, incubated with TMPyP or TPPCOOMe obtained after different pretreatments: A1: Min/Max normalization: A2: Euclidean
normalization; A3: SNV normalization. The bigger symbols represent the corresponding sample mean values (i.e. the centroids of the covariance error ellipses associated to each
population). Color codes: sample 1 (control, green); sample 18 (PDT with TMPyP, red) and sample 19 (PDT with TPPCOOMe, blue). Bidimensional confidence intervals were calculated
using a confidence level of 90%. B1, B2, B3.: Mean spectra of each sample population corresponding to panels A1, A2, and A3, respectively. The same color code as in Figs. A1, A2, and
A3 is employed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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pected for the peaks of α-helix (1654 cm−1), β-sheet (1632 cm−1),
and unordered random coil (1641 cm−1) [26,27].
Fig. 3 shows a pronounced PDT effect in HeLa cells treated with
TMPyP (sample 18). The beta sheet structure in the Amide I band (de-
crease of the portion of α-helix), is affected by PDT, as indicated by
the arrow in Fig. 3B1. This result is on line with the work published by
S.Srichan [12],where itwas found that PDT is alsomanifested by the ap-
pearance of beta sheets structure in the nucleus. We can also observe
that there is an increase of the absorption in the region of shorter
wavenumbers of the Amide II region. The low-wavenumber component
of Amide II was previously assigned to tyrosine side chain contributions,
to intramolecular β-structures, and to β-folded aggregates [28,29].
More recently, it was also suggested that the ∼1525 cm−1 component
of Amide II band may be assigned to intramolecular β-sheets but also
to the same type of protein folding described by the 1620 cm−1 fre-
quency, and therefore to intermolecularβ-aggregates [30]. Additionally,
the PDT treatment in HeLa cells incubated with TMPyP results in a de-
crease of the Amide I/Amide II bands ratio, as already reported for
cells exposed to thermal shock [30].
Fig. SM7 in the Supplementary Material compares the loadings vec-
tors of samples S01, S18 and S19. The analysis shows that the vector as-
sociated with PC1 (solid line in Fig. SM7), which accounts for N92% of
the variance, helps to discriminate between the spectra of sample S18
and those of samples S01/S19. This vector presents the bands of
Amide I and Amide II shifted at longer wavenumbers. On the other
hand, the loading vectors of PC2, which accounts for b4–5% of thevariance, is associated to a difference in intensity of the spectra of sam-
ples S01 and S19, because the positions of the crests and troughs of the
loading vectors for both samples are coincident.
The changes observedwith visible light irradiationwith TPPCOOMe-
treated cells (sample 19) is not induced by the increase of beta sheet
structure (result not shown). In fact, the most significant difference is
indicated by an enhancement in the dispersion of PCA scores, which
correlates with an increase of the ellipse size (Fig. 3A1, A2, A3) and
the number of spectra showingMie scattering. The presence of a higher
number of spectra with Mie scattering in PDT-treated samples com-
pared to the control could be an evidence for late apoptosis/necrosis
[27].
In order to investigate the effect of the PDT treatment on different
biomolecules, additional wavenumber regions were chosen: protein-
nucleic acids (1748–952 cm−1), proteins including the Amide III band
(1748–1303 cm−1), and lipids (2835–3000 cm−1). After a detailed ex-
amination of these regions (see Fig. SM8 in the Supplementary Mate-
rial) we conclude that the main observed differences are those already
described within the Amide I and Amide II regions. Contrary to the re-
sults reported by Gasparri and Muzio [26], who observed that the
ratio nucleic acids/Amide II decreases upon induction of apoptosis, we
observe that the area of the nucleic acids signal increases more than
that of Amide II (see Fig. SM8 in the Supplementary Material). This ap-
parent discrepancy could be due to the different cell types and/or to the
dissimilar experimental conditions employed, since the spectra mea-
sured by Gasparri and Muzio show a much higher relative contribution
of the 900–1350 cm−1 region for their three cell types employed.


































Fig. 4. A: PCA scores for PDT-treated Hela cells, incubated with TMPyP in the absence of
quenchers (sample S18, red); in the presence of 5 μM and 10 μM β-carotene (sample
S12 in pink and S13 in cyan, respectively). The bigger symbols represent the
corresponding sample means. B: PCA scores for PDT-treated Hela cells, incubated with
TMPyP in the absence of quenchers (sample S18, red); in the presence of 30 μM and 50
μM imidazole (sample S7 in pink and S8 in cyan, respectively). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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cells to an inductor of apoptosis. However, it has beenwell proven in the
literature that PDT treatment leads to activation of two cell death path-
ways: apoptosis and/or necrosis [31]. This could be another reason for
the difference in the nucleic acids/AmII ratio upon exposure to the in-
ductor of apoptosis and to PDT.
3.3. Quenchers Effects on PDT Treatment with HeLa Cells
Comparison of data collected from PDT treated-HeLa cells (sample
18) with those also containing β-carotene, as a hydrophobic quencher,Fig. 5. Imidazole-incorporation in HeLa cells: Bright field image (A) and epifluorescence image
imidazole. Blank experiments with cells incubated without imidazole showed no fluorescencepreviously incorporated in these cells (sample 12 and sample 13)
shows a photoprotective effect practically independent of the quencher
concentration (see Fig. 4A for data treated with the Min/Max proce-
dure), as can be concluded from the distance to the origin in the plots
of PCA scores for both concentrations. Similar results are obtained
with other pre-treatment procedures (see Fig. SM9 in the Supplemen-
tary Material). This observation is in line with recent reported MTT
and bright field images results obtained after PDT treatment of HeLa
cells incubated with this quencher. However, in that report there was
a good dose effect correlation [7]. In that paper it was demonstrated
that intracellular singlet oxygen, produced in a photosensitized process,
is in fact not efficiently deactivated by β-carotene. That observation led
to re-evaluation of the role of β-carotene as an antioxidant in mamma-
lian systems and thus underscored the importance of mechanisms by
which β-carotene inhibits radical reactions.
The other quencher studied here is imidazole as amodel hydrophilic
compound. As this molecule was not previously incorporated in HeLa
cells, a key aspect of this study is to ensure that an appreciable amount
of imidazole can be uptaken by the cells. Fluorescence images of HeLa
cells containing the quencher support the incorporation (Fig. 5).
FTIR spectra of HeLa cells with TMPyP in the presence of imidazole
also show a photoprotective effect, in this case dependent on the
quencher concentration, as can be seen from comparison of the distance
between the centroids for samples number 1 (control), 18 (PDT with
TMPyP without quencher), 7 (PDT with TMPyP with 30 μM imidazole),
and 8 (PDT with TMPyP with 50 μM imidazole) (Fig. 4B). This effect is
also supported by the MTT assay (Fig. 6). No shift of the Amide I band
was detected in samples containing β-carotene or imidazole with re-
spect to the control experiments (see for instance SupplementaryMate-
rial, Fig. SM9).
In the case of TPPCOOMe, PCA scores showaweaker effect compared
to TMPyP (see above). Both quenchers lead to a photoprotective effect,
especially at lower concentration. Compare samples S19, S15 and S16
for the effect of β-carotene and samples S19, S10, and S11 for imidazole
(Fig. 7 for data pre-treatedwith theMin/Maxnormalization procedure).
For similar results obtained with other pre-treatments see Fig. SM10 in
the SupplementaryMaterial. The photoprotective effect ofβ-carotene in
HeLa cells using the same sensitizer was previously shown by MTT as-
says [7].3.4. Comparison of PDT Treatment on SKMEL-28, HaCat, and HeLa Cells
For comparison FTIR experiments with SKMEL-28 and HaCat
(human normal skin keratinocytes cells) were carried out.using a longpass set (AT-UV/DAPI) filter (B) on HeLa cells incubated 24 h with 30 μM of
.
MTT assay with TMPyP+Imidazole


























Fig. 6. Histograms showing the results of the MTT assay in PDT experiments with HeLa
cells with TMPyP and different concentrations of imidazole as indicated. Values of
formazan absorbance were normalized against average values obtained from cells to
which a sensitizer and imidazole had not been added. Error bars refer to one standard
deviation; in each case, the number of samples examined was at least 12. The
statistically significant difference between this particular number and the control (one
asterisk), sample 18 (two asterisks) is indicated (one-way ANOVA with Tukey's posthoc
test; p b .05).






























Fig. 8. PCA scores for PDT-treated SKMEL-28 cells (A) and HaCat cells (B), incubated with
TMPyP or TPPCOOMe. The bigger symbols represent the corresponding sample means.
Color codes: sample 1 (control, blue); sample 18 (PDT with TMPyP, red) and sample 19
(PDT with TPPCOOMe, red). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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SKMEL-28 and HaCat cells are shown in Fig. 8A and B, respectively, for
data pre-treatedwith theMin/Max normalization procedure. Similar re-
sults are obtained with other pre-treatment procedures (see Fig. SM11
in the Supplementary Material). Larger differences in the PCA scores

































Fig. 7. A: PCA scores for PDT-treated HeLa cells, incubated with TPPCOOMe in the absence
of quenchers (sample S19, blue); in the presence of 5 μM(sample S15, pink) and 10 μM β-
carotene (sample S16, cyan). The bigger symbols represent the corresponding sample
means. B: PCA scores for PDT-treated Hela cells, incubated with TPPCOOMe in the
absence of quenchers (sample S19, blue); in the presence of 30 μM (sample S10, pink)
and 50 μM imidazole (S11, cyan). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)malignant HaCat cells. For SKMEL-28 cells TMPyP is a more efficient
PDT sensitizer than TPPCOOMe, whereas for HaCat cells there is no sig-
nificant difference between mean values for both sensitizers. However,
a higher dispersion of the data with HaCat cells is observed for TMPyP,
which can be correlated with apoptosis (see above). This result indi-
cates that TMPyP is a more efficient PDT sensitizer than TPPCOOMe.
On the other hand, the MTT assay seems to be less sensitive to cell
type, as similar results are observed for SKMEL-28, HaCat, and HeLa
cells (see Fig. 9). In all cases TMPyP seems to be amuch better PDT pho-
tosensitizer than TPPCOOMe. The discrepancy between the results ob-
tained with FTIR and MTT methods can be due to the different
biological phenomena tested. The FTIR spectra in the frequency range
evaluated here are sensitive to changes in secondary structure of pro-
teins, whereas the MTT assay reflects the enzymatic mitochondrial
activity.
FTIR spectra in the presence ofβ-carotene or imidazole with SKMEL-
28 and HaCat cells do not show any significant photoprotective effect.
These results are in line with the MTT assays (see Fig. 10). For a better
comparison of the three types of cells, the quenchers incubation condi-
tions employed for SKMEL-28 andHaCat cellswere the same as for HeLa
cells. Thus, the lack of photoprotective effect could be due to lower ef-
fective quencher concentration inside the SKMEL-28 and HaCat cells
compared to that in HeLa cells.
The FTIR and MTT results obtained with all cell lines tested show a
higher PDT efficiency for TMPyP than for TPPCOOMe. In all cases the
FTIR spectra in the region of the Amide I band show amore pronounced
photodynamic effect in tumoral cell lines (HeLa and SKMEL-28). This is
in linewith the photoeffects of phthalocyanines modifiedwith D-galac-
tose, which were found to be higher on HeLa carcinoma cells than on
non-malignat HaCaT cells [32]. Gomes et al. [13] studied the photody-
namic effect of glycochlorin conjugates on human cancer epithelial
cells and also found comparable results for HaCaT and HeLa cells, in
agreement with our observations. However, the results seem to depend
on several factors, such as the kind of assay, the photosensitizer









































































































































































































Fig. 10.Histograms showing the results of theMTT assay in PDT experimentswith SKMEL-
28 (A) and HaCat (B) cells with TMPyP or TPPCOOMe and different concentrations of
imidazole or β-carotene as indicated. Values of formazan absorbance were normalized
against average values obtained from the corresponding cells without sensitizer. Error
bars refer to one standard deviation; in each case, the number of samples examined was
at least 12. The statistically significant difference between this particular number and
the corresponding control (one asterisk) is indicated (one-way ANOVA with Tukey's

















































































































Fig. 9. Histograms showing the results of theMTT assay in PDT experiments with SKMEL-
28, HaCat, and HeLa cells as indicated. Values of formazan absorbance were normalized
against average values obtained from the corresponding cells without sensitizer. Error
bars refer to one standard deviation; in each case, the number of samples examined was
at least 12. The statistically significant difference between this particular number and
the corresponding control (one asterisk) is indicated (one-way ANOVA with Tukey's
posthoc test; p b .05).
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Hacat cells.
4. Conclusions
An appropriate combination of FTIR microscopy and a solid statisti-
cal data analysis allowed us to obtain information of biochemical and
biomedical relevance on early stages of apoptosis in PDT-treated tu-
moral and non-tumoral cells. The pre-treatment performed on the spec-
tra enabled to focus on those samples exhibiting minimal scattering
artifacts, which could mask the biological events of interest.
The PDT effects strongly depend on the sub-cellular localization of
the photosensitizers and can be avoided by a proper use of different
quenchers. In this regard, tumoral cells resulted more sensitive to PDT.
Themost relevant effectswere observedwith PDT-treatedHeLa cells
employing TMPyP as sensitizer. The PDT treatment results in an in-
crease of the absorption in the region of shorter wavenumbers of the
Amide I and Amide II regions, which were assigned to intramolecular
β-sheets and intermolecular β-aggregates [30]. Upon the PDT-treat-
ment a decrease of the Amide I/Amide II bands ratio was also observed,
in line with the response of cells exposed to thermal shock [30]. Addi-
tionally, the area of the nucleic acids signal was observed to increase
comparatively more than that of Amide II.
Both compounds studied here, β-carotene and imidazole, show
photoprotective effects in HeLa cells exposed to PDT either with
TMPyP or TPCOOMe. The effect of the carotenoid was dose-indepen-
dent, whereas a good correlation dose–response was found in the case
of imidazole. The latter behavior could be relevant for themedical man-
agement of the induction of early apoptosis.
When SKMEL-28 or HaCat cells are employed non- significant
photoprotective effects ofβ-carotene and imidazole are observed, prob-
ably due to lower effective intracellular quencher concentration com-
pared to that in HeLa cells.
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